Abstract Increasing soil carbon (C) storage is crucial to addressing climate change and ensuring food security. The C sequestration potential of the world's cropland soil is 0.4-0.8 Pg soil C year −1 , which may be achieved through the adoption of recommended management practices (RMPs), including fertilizer management. This study aimed to quantitatively evaluate the influence of long-term application of different fertilizers and straw retention on soil organic carbon (SOC) storage, to compare the calculated response ratios with Intergovernmental Panel on Climate Change (IPCC)-recommended default relative stock change factors, and to propose recommendations for enhancing SOC sequestration. The meta-analysis indicated that the long-term application of chemical fertilizers (CF), organic fertilizers (OF), combined chemical and organic fertilizers (CFOF), and straw return (SR) significantly enhanced the SOC storage. Response ratios varied significantly (p < 0.05) across different fertilization measures and climatic zones, and was sensitive to the initial SOC content. The mean response ratio was 0.94 for no fertilizer (NF), 1.08 for CF, 1.48 for OF, 1.38 for CFOF, and 1.28 for SR. When IPCC default values for response ratios were applied, SOC storage with OF and CFOF treatments in warm temperate regions with a dry climate was Mitig Adapt Strateg Glob Change (2018) 
Introduction
Global soil contains 2500 Pg carbon (C) in top 1-m layer, of which 62% is SOC and 38% is soil inorganic C (Sauerbeck 2001 ). The C stored in the top 1-m layer of cropland soil contains nearly 10% of global soil C (Jobbágy and Jackson 2000) . Soil organic carbon (SOC) has a key role in maintaining soil tilth and fertility, contributing to more productive and sustainable agriculture (Zdruli et al. 2017) . Therefore, to achieve food security at global scale meanwhile reducing atmospheric carbon dioxide (CO 2 ) concentration it is essential to increase SOC (de Moraes et al. 2017; Lal et al. 2007 ). Changes in cropland SOC storage have thus been a concern of producers, scientists, and policy makers (Bauer and Black 1994; Freibauer et al. 2004; Smith et al. 1997) .
However, improvident farming practices have depleted an estimated 82 ± 12 Pg SOC from global soils, contributing to rising atmospheric CO 2 concentration (Lal 1999) . Recent literature suggested that management practices can influence SOC storage positively or negatively due to variation in tillage, irrigation, fertilizers, and other practices (Merante et al. 2017; Nawaz et al. 2017; Piccoli et al. 2016) . Increasing attention has been given to enhancing SOC storage in cropland through low-cost management practices like reduced or no tillage, residue retention, drainage, rangeland management, and rational fertilizer application (Adams et al. 1997; Nawaz et al. 2017; Pan et al. 2003; van Groenigen et al. 2011) . It is estimated that the potential to increase SOC storage in the world's cropland soil is 0.27 Pg C year −1 at 2040 through the adoption of recommended management practices (Noble et al. 2000) . Straw return and organic fertilizer application directly enhance SOC in the soil. Many researchers have suggested that recommended fertilizer applications can increase SOC accumulation due to enhanced biomass production, which provides more available organic matter (plants residue, litter, decaying roots) for input to soils (Hati et al. 2007; Triberti et al. 2008) . Cropland in China covers nearly 130 million hectares (ha) of arable land stretching across different climatic zones and soil types (Xie et al. 2007 ). The estimated total topsoil SOC storage in cultivated soils is 5.1 Pg, but SOC loss has been estimated at 2 Pg due to the cultivation of natural soils in China (Song et al. 2005) . Improved agricultural practices can restore the lost SOC pool in cultivated land by sequestering C from the atmosphere . Quantitative evaluation of the effects of cropland management practices on SOC storage can help to identify appropriate strategies for enhancing SOC storage in soils and mitigating increasing greenhouse gas emissions in China.
The 2006 Intergovernmental Panel on Climate Change (IPCC) Guidelines for National Greenhouse Gas Inventories (IPCC 2006 ) provide a detailed methodology and default SOC stock change factors for different management practices that can be used to estimate soil C stock changes in cropland. However, direct application of such default factors might result in large uncertainties for some regions Sanderman and Baldock 2010) , because the definition of each category of management activity may not exactly match actual field management practices.
Past studies to evaluate changes in SOC stocks in China mostly focused on a single fertilizer management practice (Ji et al. 2016) , or on a specific crop (Tian et al. 2015) , which is insufficient to represent changes in SOC levels under fertilizer application and residue management across diverse climatic conditions, land uses, and soil types. Moreover, the previous meta-analysis did not exclude experiments with a duration of fewer than 20 years and included a large number of experiments that lasted for 3~10 years. In addition, it is now well known that the amount of C that can be sequestered in cropland soil has a limit (Powlson et al. 2011; West and Six 2006) , but previous meta-analyses did not provide an indication based on field observations of whether and when SOC becomes saturated (Lu 2015; Sun et al. 2010; Wang et al. 2013) .
In this study, we conducted a meta-analysis of SOC storage changes based on a dataset of long-term field fertilizer and straw return experiments (≥20 years) conducted in cropland of China. The objectives of this study were as follows: (1) to quantify change in SOC stocks under various fertilizer treatments and straw return, in different climatic zones, soil types, and land uses; (2) to test the applicability of the IPCC default factors in estimating SOC stock change in China; and (3) to identify strategies for enhancing C sequestration to mitigate climate change and ensure food security.
Materials and methods

Data collection
A literature survey was performed using available online internet databases at the Chinese Academy of Agricultural Sciences (http://apps.webofknowledge.com, http://www. sciencedirect.com, http://link.springer.com, http://onlinelibrary.wiley.com, http://www.cnki. net, and http://g.wanfangdata.com.cn/), with search topics related to SOC or soil fertility change in croplands caused by fertilizer management and straw return. We collected data from peer-reviewed papers and dissertations in either English or Chinese published from 1991 to 2015. Published studies were selected using the following criteria: (1) The experiment must have at least one of the following management treatments: chemical fertilizers only (CF), only organic fertilizers including animal manure, compost or green manure mixed with feces (OF), combined chemical and organic fertilizers (CFOF), straw return (SR), and no fertilizer (NF).
(2) The experimental duration must be longer than 20 years to be consistent and comparable with the IPCC-recommended approach. (3) The minimum soil sampling depth must be ≥15 cm. (4) Initial and final SOC content or stock should be provided in the publications. All the identified long-term fertilization experiments in China were conducted on major grain crops (rice, wheat, and maize). Information on experimental sites, SOC content or stocks, soil bulk density, soil sampling depth, experimental duration, replications of field plots, standard deviations, and standard errors were extracted from the publications. When data was expressed as figures or charts, numerical values were digitized using Get-Data Graph Digitizer (Version 2.22, Russian Federation). As SOC storage is highly influenced by sample depth, we excluded data from studies with soil sampling depth less than 15 cm. Only conventional tillage practice was included in our study. In some experiment sites, there were several publications with an experimental duration of longer than 20 years. To reduce the bias caused by sampling over time, we included all publications in this study. Finally, a total of 440 observations from 61 publications (SI Table 1 ) were combined and analyzed.
Following characterization of climatic zones set out in the 2006 IPCC Guidelines, except for one experimental location with mean annual temperature (MAT) higher than 18°C , all experimental locations were in a temperate climate with MAT lower than 18°C. The temperate climate region was divided into a warm temperate climate zone with MAT between 10 and 18°C and a cool temperate climate zone with MAT below 10°C. Arid/ humid region zoning was determined by the ratio of potential evapotranspiration (PET) to precipitation, which followed the geographic arid/humid regionalization reported in Zheng et al. (2013) . The warm temperate climate was further divided into a warm and moist temperate (W-M) climate and a warm and dry temperate (W-D) climate based on the ratio of annual total potential evapotranspiration (PET) to precipitation (PPT). If the ratio of PET to PPT was less than 1, the study sites were classified as having a W-M climate, and if the ratio was higher than 1, the study sites were classified as being in a W-D climate (Zheng et al. 2013) . The same procedure was applied to classify the cool temperate climate into cool and moist temperate (C-M) and cool and dry (C-D) climates. Within the W-M climate region, land use types were grouped into upland and paddy cropland.
Based on the General Soil Classification of China, experimental sites were categorized into five soil types, including red earth soils, paddy soils, black soils, fluvo-aquic soils, and aeolian soils (Guo et al. 2010) . SI Table 1 in Supplementary Information provides more detail about the surveyed study sites (location of experimental sites, fertilization regimes, climatic zones, soil types, initial and final SOC concentration, authors, etc.) ( Fig. 1 ).
Main calculations
The soil organic C stock in cropland was calculated using the following equation (Yang et al. 2007 ):
where C SOC is soil organic C stock (Mg C ha
) and SOC concentration is soil organic C concentration (g C kg
). If a study reported soil organic matter (SOM), it was converted into SOC using a coefficient of 0.58 (Yang et al. 2007 ). In the equation, Soil BD is soil bulk density (g cm −3
), and H is the measured depth of soil (cm). Soil bulk density is one of the key parameters in determining cropland SOC storage. Unfortunately, not all studies reported soil bulk density values. We used the following empirical equations (Eqs. 2 and 3) developed by Xie et al. (2007) to estimate soil bulk density for sites when no bulk density was reported:
The Soil BD , which is also easily influenced by management practice (Lee et al. 2009 ), is critical for calculating the change in SOC stocks. It has been reported that the SOC stock change based on the equivalent soil mass method (SOC ESM ) is more accurate than that based on the fixed soil depth method (SOC FD ) (Lee et al. 2009 ). Therefore, we corrected the SOC stock based on equivalent soil mass using Formula (4) (Poeplau et al. 2011) :
where Soil BDO and Soil final are soil bulk densities before and after the experiment, respectively; SOC FD is the SOC stock calculated to a fixed depth (without correction), and SOC ESM is the corrected SOC stock with bulk density after the experiment. In the IPCC inventory guidelines, the recommended default factor is used to estimate SOC stock change to a depth of 30 cm for each management practice (IPCC 2006) . In order to make comparable estimates of SOC stock change factors to the sample depth indicated in the IPCC inventory guidelines, SOC storage at irregular sample depths was adjusted to a 30-cm sample depth using the methodology adopted by Yang et al. (2011) .
Meta-analysis
Generally, meta-analysis requires means, standard deviations (or standard errors), and the number of replicates (Hedges et al. 1999; Luo et al. 2006) . Most of the studies only reported the number of replicates, but standard deviations (or standard errors) were not provided. In order to include as many studies as possible, we performed analysis using non-parametric weighting functions and generated confidence intervals (CIs) on the weighted effects sizes Table 1 for details using bootstrapping (Adams et al. 1997; van Groenigen et al. 2013 ). The weighting factor for each datum w ij was calculated using the following equation (Linquist et al. 2012; van Groenigen et al. 2013) :
where n 0ij and n Fij are the number of replicates of a particular treatment at the initial stage and final stage, respectively. The subscript i represents the order of the study and the subscript j represents the fertilizer treatment (CF, OF, CFOF, SR, or NF). At one site, observations of SOC storage for one treatment often consisted of several cases as experiments with multi-factor settings. For example, the treatment CF could include pure nitrogen input with different input rates and combined application of phosphate and/or potash fertilizers. Thus, the data for one treatment was distributed unevenly across the sites. To reduce the biases caused by uneven data distribution, we divided the weight of the observations by BO^using Formula (6), where O is the total number of the same treatment at one site. Dividing the weight of the observations by O avoided bias due to large numbers of observations from the same site and estimated SOC stock change more precisely.
Response ratio R, defined as the ratio of the mean value of the SOC stock at the final stage to the mean value of the SOC stock at the initial stage, was employed to analyze the relative SOC stock change factors over the long-term fertilizer treatments (Ogle et al. 2005; Sanderman and Baldock 2010) . For each paired observation of SOC stocks at the initial and final stage, the effect size of the response ratio was calculated using Formula (7) (Hedges et al. 1999) .
where R ij is the effect size of the response ratio, X Fij is SOC stock (Mg C ha
) at the final stage, and X Oij is SOC stock at the initial stage.
Before analyzing the dataset, we performed data quality control using Dixon law (Verma and Suarez 2014) and outliers were removed. Then, the mean response ratio in each category defined by treatment, climatic zone, land use, and soil type was calculated, and 95% confidence intervals (CI) were generated using a bootstrapping procedure (with 4999 iterations) using Meta-win software, as described in Eq. 8 (Rosenberg et al. 2000) :
where R j is the weighted mean response ratio for each fertilizer treatment under each category (by climate zone, soil type, and land use). Changes in SOC stock were considered significant if 95% CIs do not overlap 1. As soil bulk density was changed by long-term fertilization, we also calculated the response ratios for SOC concentration, soil bulk density, and SOC stock with and without mass correction. The meta-analysis of SOC concentration and soil bulk density was performed only on data from studies that provided information on SOC concentration and soil bulk density.
In order to evaluate the IPCC default factors for SOC stock change, we matched fertilization treatments with the corresponding organic input levels as described in the IPCC inventory guidelines (IPCC 2006) . For instance, the input level Bhigh with manure^was matched to both OF and CFOF in this study. According to explanation by Ogle et al. (2005) , the Bmedium input^is a trade-off between low residue crops (vegetable, tobacco, cotton) and enhanced C inputs (e.g., with supplemental manure). In this present study, all data were collected from field sites with high-residue crops (e.g., corn-wheat rotation, rice-wheat, and double rice). Therefore, in the Chinese context, the IPCC medium input level is comparable to pure mineral fertilizer without straw return and the high without manure level is matched to straw return in grainproducing cropland.
Results
General results
There were 440 observations in our meta-analysis. The heterogeneity test exhibited differences in response ratios of SOC stocks among sub-groups of categorical variables and significant determinants on SOC stock change for each fertilizer treatment (Table 1 ). The response ratio did not significantly differ among sub-groups by temperature for all treatments (p > 0.05). In contrast, the response ratios of SOC stocks significantly differed among sub-groups categorized by aridity/humidity, except for straw return. The response ratio significantly differed among sub-groups of soil groups for all treatments (p < 0.05) and was significantly influenced by the initial SOC stock for treatments with organic material input (OF, CFOF, and SR) (p < 0.01). On average, the response ratio of SOC stocks to long-term fertilizer was 0.94, 1.08, 1.38, 1.48, and 1.28 for NF, CF, OF, CFOF, and SR, respectively (Table 1) . Table 1 summarizes the rate of increase in SOC stocks and the cumulative increase in SOC stocks under different fertilizer treatments over the duration of the long-term experiments. The response ratios and cumulative increase in SOC stock for OF, CFOF, and SR treatments were significantly higher than that of the NF and CF treatments (p < 0.05).
Response ratios of SOC concentration and soil bulk density
On average, changes in SOC concentration and bulk density were not significant for the NF treatment in all studies (p > 0.05). However, other fertilizer treatments significantly enhanced SOC concentration (p < 0.05) by 27, 66, 47, and 26% for CF, OF, CFOF, and SR, respectively (Fig. 2) . There was no change observed in soil bulk density for CF (p > 0.05) but soil bulk density significantly decreased (p < 0.05) by 11, 5, and 9% for OF, CFOF, and SR, respectively. Consequently, SOC storage in the top 30 cm without soil mass correction was underestimated by 6, 4, and 3% for OF, CFOF, and SR (p < 0.05), respectively (Fig. 2) . The significance of initial SOC stock was tested using a regression meta-analytic model e
The weighted mean response ratio for each treatment, with values in parentheses representing its 95% confidence interval
Response ratios of SOC stocks under different fertilizer treatments and comparison with IPCC default values
The average response ratio of SOC stocks to long-term fertilizer application was estimated for each climate zone (Fig. 3) . For the NF treatment, the response ratio was 0.85 in the cool and moist temperate climate zone, which indicated a decrease of 15% in SOC storage (p < 0.05). No significant changes (p < 0.05) were observed in other climate zones. For the CF treatment, the response ratio decreased significantly in the cool and moist temperate climate zone (p < 0.05), was not unchanged in the warm and moist temperate climate zone, but increased significantly in the cool and dry temperate climate zone (+16%, p < 0.05) and in the warm temperate zone with a dry climate (+17%, p < 0.05). For treatments with organic material input (OF, CFOF, and SR), the response ratios of SOC stocks in the cool temperate zone were strongly influenced by aridity/humidity regime, with +12% in a moist climate vs. +39% in a dry climate for OF, +16% in a moist climate vs. +55% in a dry climate for CFOF, and −8% in a moist climate vs. +39% in a dry climate for SR. In contrast, the response ratios in the warm temperate zone showed a minor influence of aridity/humidity regime. However, the response for CFOF was higher in the warm temperate zone with a moist climate (+72%) than in the cool temperate zone with a dry climate (+31%) (p < 0.05). Some of the response ratios estimated in our meta-analysis are comparable with the IPCC default factors (slope = 0.89, p < 0.01) (Fig. 4) , but some estimated values were significantly different (p < 0.05) from the IPCC default factors. When the input level was low (NF), the mean response ratio was 0.94, which is close to the IPCC default value (0.95), but SOC stocks in the cool temperate zone with a moist climate significantly decreased by 15% (0.85). For the medium input level (CF), the IPCC default value underestimated the SOC stock gain in both the warm and cool temperate zones with dry climate (1.17 and 1.16, respectively), but overestimated stock changes in the cool temperate zone with a moist climate (0.94). When the input level was high (OF and CFOF), the IPCC default factor in the warm temperate zone with dry climate was 1.37 (1.21~1.53, 95% CI), which is significantly lower (26%) than the value estimated in this study, i.e., 1.72. However, the IPCC default factor in the cool temperate zone with moist climate (1.44, 1.27~1.61 95% CI) is higher (25%) than the estimated value in this study. The IPCC default factors often overestimated the SOC gain in the cool temperate zone with moist climate and underestimated the soil C gain in other zones (Figs. 3 and 4) .
Response ratios of SOC stocks in different soil types
The response ratio of SOC stocks varied significantly (p < 0.05) between soil types (Table 1 and Fig. 5 ). For all treatments, the response ratio for black soils was lower than for other soil types. For black soils, the response ratio varied from 0.85 (−15%) under NF to 1.16 (+16%) under OF (Fig. 5) . Loss of SOC in black soils cannot be avoided through the application of chemical fertilizers only or through the straw return. For fluvo-aquic soils, response ratios were highest in all fertilizer treatments except for the OF treatment, and were significantly higher than 1 under CF, OF, CFOF, and SR treatments. Under the CF treatment, the response ratio of fluvo-aquic soils was 1.23 (1.18~1.29 95% CI), which was significantly higher than that in black soils (0.97, 0.91~1.02 95% CI) and aeolian soils (1, 0.95~1.06 95% CI) (p < 0.05) (Fig. 5, SI Table 2 ). The response ratios of paddy soils and aeolian soils were significantly higher than 1 under OF, CFOF and SR treatments. Table 2 ). See the legend in Fig. 2 for an explanation of the five fertilizer treatments (NF, CF, OF, CFOF and SR). W-M, W-D, C-M, and C-D represent warm temperate with moist climate, warm temperate with a dry climate, cool temperate with moist climate, and cool temperate with dry climate zones respectively. Values in parentheses represent the number of input data and the range of error bars indicates the 95% confidence interval
Maximum SOC retention in cropland soils
According to the relationship between the SOC stock response ratio and initial SOC content from long-term organic fertilizer treatments (OF and CFOF), the maximum soil C retention was extrapolated as the C sequestration potential when the response ratio was 1. Interestingly, the values of maximum soil C retention in the top 30 cm soils in China's cropland varied across climatic zones and land uses, i.e., 35.9 Mg C ha −1 for upland soils under dry climate, 60.5 Mg C ha −1 for upland soils under moist climate, and 74.3 Mg C ha −1 for paddy soils under moist climate (Fig. 6) . Table 2 ). See the legend in Fig. 2 for an explanation of the five fertilizer treatments. W-M, W-D, C-M, and C-D are as explained in the legend to Fig. 3 . The range of error bars indicates the 95% confidence interval Initial SOC levels probably control the change in soil C sequestration in cropland (Dersch and Bohm 2001; Sun et al. 2010 ). Significant effects (p < 0.01) of initial SOC stocks were observed on the response ratio of SOC stocks under different fertilization regimes (Table 1 ; Fig. 6 ). Response ratios in the dry climate zone were higher than in the moist climate zone (Table 1) , as there was a big difference between initial SOC content under dry (26 Mg C ha −1 , SD = 61) and moist (52.9 Mg C ha −1 , SD = 17) climate regimes. The initial SOC stock also explained large differences in response ratios among different soil types. For instance, black soils had the highest initial SOC stock in cropland soils (Fig. 7) , while its SOC stock response ratios were the lowest in all fertilization treatments (Fig. 5) . The higher response ratio in fluva-aquic soils and aeolian soils can be partially attributed to lower initial SOC stock (at 25.1 and 30.2 Mg C ha −1 in the top 30-cm depths, respectively), which was much lower than the national average stock of 42.2 Mg C ha −1 (Yang et al. 2007 ). Paddy represents a particular man-made aquatic habitat and has a relatively high SOC stock response ratio under OF and SR treatments. This is because the decomposition rate is very low under anaerobic conditions (Pan et al. 2003; Yu et al. 2013) , even if initial SOC stock is high.
C sequestration potential
The soil C sequestration of cropland is considered to be finite (Powlson et al. 2011; West and Six 2006) due to limited land area and SOC saturation (Noble et al. 2000) . Based on the hypothesis of soil C saturation and a statistical model established on long-term field trials with high C input West and Six 2006) , Qin et al. (2013) estimated the SOC Fig. 6 The relationship between the SOC stock response ratios in the top 30 cm and the initial SOC stock for two high organic C input fertilizer treatments (i.e., OF and CFOF treatments) for upland and paddy croplands. 
Applicability of the IPCC default factors
As of October 2016, 71 countries had communicated Intended Nationally Determined Contributions (INDCs) to the United Nations Framework Convention on Climate Change (UNFCCC) that included specific mention of mitigation through the management of fertilizer or crop residues, cropland, soil C, and other climate-smart agriculture approaches (Richards et al. 2016) . Accurate quantification of inventories of SOC storage changes is critical to assess the collective mitigation effects towards achieving the long-term temperature goal set out in Article 2 of Paris Agreement. The meta-analysis results of this study indicated that some of the IPCC default factors are not appropriate for estimating SOC sequestration in different regions in China. The possible explanations for the differences between the IPCC default factors and the meta-analysis results are as follows:
1. Soil bulk density and mass correction
In previous studies (Huang and Sun 2006; Lu 2015; Ogle et al. 2005; Sun et al. 2010) , SOC stock changes were calculated using a volume-based method that could be biased when ) in the top 30-cm layer from the surveyed studies for main cropland soil types in China. Lines within the boxes give the median, boxes present the 25th and 75th percentile, whiskers indicate the lowest and highest values excluding outliers, and open circles (1.5-3.0 interquartile range) represent outliers. The bars with different lowercase letters indicate significant differences (p < 0.05) tested by one-way ANOVA estimating changes in SOC stocks after long-term fertilizer management, because changes in soil bulk density were not included when evaluating change in SOC. Our meta-analysis also found that soil bulk density significantly reduced by 5~11% for the treatments with organic material input (OF, CFOF, and SR) (Fig. 2) . The equivalent soil mass (ESM) method has proven to be a more reliable approach than the equivalent volume-based method when evaluating changes in SOC storage after long-term fertilizer application (Ellert and Bettany 1995; VandenBygaart and Angers 2006) . The meta-analysis also indicated that SOC sequestration would be underestimated by 3~6% in the top 30 cm for the organic fertilizer management practices if no soil mass correction was conducted. Consequently, use of soil mass correction for SOC stock change under long-term fertilization management was one of the possible reasons for higher response ratios in our study than the IPCC default factors.
The steady state of SOC content
Response ratios are generally employed to estimate SOC stock change after adoption of management practices (IPCC 2006; Milne et al. 2013 ). However, the response ratio has limited predictive power to estimate SOC stock change in cropland when the state of the soil C system is unknown (Sanderman and Baldock 2010) . Sanderman and Baldock (2010) argue that the response ratio should base on the prediction of SOC stocks that have reached a steady state before implementation of new management practices. Otherwise, SOC sequestration in cropland could be overestimated. Our results indicate that, except in the cool temperate zone with a moist climate, there was no change in SOC stock under NF (95% confidence intervals of the response ratio overlapped 1) but increased under CF (Fig. 3) . This indicates that the SOC content of most cropland in China is at a relatively steady state before the adoption of management practices. Considering the longer historical cultivation periods in most regions (i.e., east, central, South China) and the shorter cultivation history in the cool-moist temperate zone (i.e., Heilongjiang and Jilin provinces) (Ge et al. 2008; Wu et al. 2003) , it is easy to understand that the SOC in most of China's cropland has been at a steady state. The non-steady state of SOC content in the cool-moist temperate zone resulted in an overestimation of net SOC sequestration in cropland when using IPCC default factors. Therefore, the response ratios from this meta-analysis are more suitable to estimate SOC stock change in cropland in China.
Implications
Long-term (≥20 years) organic fertilization and straw return (SR) can significantly increase the SOC storage by reducing the soil bulk density. The increase in C storage by organic fertilization and SR is substantially dependent on soil type, initial SOC content, land use, and climatic zone. We estimated that in the top 30 cm of the soil, SOC storage can be increased by 48, 38, and 28%; meanwhile soil bulk density can be reduced by 11, 5, and 9%, respectively, with the application of only organic fertilizers (OF), combined chemical and organic fertilizers (CFOF), and by adopting SR practice in about 25 years. Soils with high SOC content (black soils), indicated a low potential to sequester soil C than the soils with low SOC content (fluva-aquic soils and aeolian soils) following OF, CFOF, and SR. Improvident crop and soil management practices, high labor cost, intensive farming, limitations in the employing organic fertilizers on a large scale caused the low SOC content in soils of China. Moreover, China is the world's biggest emitter of CO 2 . Therefore, long-term application of OF and CFOF and adopting SR practices seems to be a pragmatic strategy to enhance the soil C storage and crop production meanwhile to reduce addition in atmospheric CO 2 concentration.
As the challenge of climate change mitigation becomes more and more pertinent, more certainty in the estimation of impacts of different management practices on SOC storage is necessary for better planning. The comparison of calculated response ratios with IPCC recommended default relative stock change factors varied significantly for soil types, climatic zones, and exhibited sensitivity to the initial SOC content. SOC estimation using these default factors was sometimes overestimated or underestimated. Hence, to enhance the certainty in the estimation of SOC stock changes and improved evaluation of management practices, it is worthwhile to derive SOC storage factors for detailed classification of fertilizer management, climate, and soil types. We propose further localized/regionalized and climate-specific investigation about these response ratios for different management practices, to enhance certainty in the estimation of SOC stock changes.
